Because tapering leads to inevitable artifacts in the analyses of compression experiments on micrometer sized pillars, in this study taper-free nanosized pillars of Zr-based metallic glass of Zr 61.8 Cu 18 Ni 10.2 Al 10 composition with diameter ranging from 600 to 90 nm were fabricated. These pillars were compressed in situ in a transmission electron microscope as a function of pillar diameter. Under compression each pillar of large diameter exhibits predominant inhomogeneous and intermittent plastic flow characterized by shear banding ͑SB͒ events. However, pillars around 150 nm in diameter and below show homogeneous deformation during compression without SB.
Metallic glass ͑MG͒ belongs to a technologically interesting class of materials that was intensively investigated during the last couple of decades. 1 Due to the absence of microstructural features like grain-boundaries or heterophase boundaries that are typical for crystalline materials, MGs exhibit excellent properties, such as high yield strength, advantageous soft and hard magnetic properties, high corrosion resistance and biocompatibility. 2 However, at room temperature MGs are not ductile and tend to fail in a brittle fashion when loaded either in compression or tension, 3 which limits their applicability.
In bulk MGs plastic deformation is concentrated in extremely thin, sheetlike volumes known as shear bands ͑SBs͒ and a relevant question is whether and how nucleation and propagation of these SBs are affected by the external size of the system. Do we face extrinsic or intrinsic size effects and would it be possible to suppress brittleness and enhance ductility just by changing the size of the samples? 4 Size effect-or the lack thereof-during deformation of nanosized MG objects has recently drawn great attention. It is not only of fundamental interests when scrutinizing shear localization processes in MGs, but also of practical significance for the incorporation of small sized MG components in micro-/nanoelectromechanical systems. 5 Despite the number of recent publications dealing with compression of focused ion beam ͑FIB͒ fabricated micropillars, consensus does not seem to exist on size effects in either strength or modes of deformation of MGs. These controversies are largely related to the ex situ tests methods when deformation events cannot be correlated with the particular individual SBs. 6 Another issue of concerns is that tapering is inevitable for FIB-milled MG pillars with diameters down to submicrometer scale, as highly localized SBs may preferentially nucleate at the corner of sample-plunger contact during compression. [7] [8] [9] [10] [11] [12] [13] [14] [15] In literature tapering angles range between 2°-3.5°and 7°-15°and may cause that the deformation always starts at the top leading to the so-called mushrooming effect. Our previous study has shown that tapering has a large influence on the deformation behavior making stress analysis rather difficult. 16, 17 These effects become more serious in smaller pillars.
Besides size effects addition of alloying elements that lower the ratio between shear modulus ͑͒ and bulk modulus ͑B͒ may help in alleviating brittleness. MGs with / B Ͼ 0. with aspect ratio ranging between 3 and 4 were fabricated step by step by decreasing of FIB current on different milling stages. The final shape of the taper-free pillars has been achieved by FIB side polishing ͓Fig. 1͑b͔͒. The uniform amorphousness of the FIB-milled nanopillars was verified by x-ray analysis and TEM observations.
In situ TEM compression experiments were performed using a Hysitron picoindenter TEM holder ͑Hysitron Inc., Minneapolis, MN, USA͒ equipped on JEOL 2010F TEM, with a diamond flat punch of 2 m in diameter. The indenter has several unique features, which are particularly critical to the present study. First, it is integrated with a miniature capacitive load-displacement transducer permitting high resolution load and displacement measurements ͑resolution of ϳ0.3 N in load, ϳ1 nm in displacement͒. In addition, a rapid instrument response and data acquisition rate ͑the controller is operating in a continuous loop and samples data at 20 kHz͒ allows discrete flow events to be well-resolved. The experiments were run in two typical control modes: displacement-rate control that shows a great sensitivity, and load control that has an advantage in evaluating sudden displacement jumps ͑SB offset͒. The displacement and/or load rate were programmed in such a way that a nominal strain rate of ϳ10 −2 s −1 is applied. Figure 2 shows a sequence of frames grabbed from in situ recorded video of the compression of a Zr 61.8 Cu 18 Ni 10.2 Al 10 pillar with a relatively large tip diameter of 460 nm and was compressed under displacement rate control. Due to the friction between the top part of the pillar and the indenter tip when deformation starts, small shear ͓Fig. 2͑a͔͒ the top part of pillar, subsequently two major and one top SBs are triggered simultaneously at a larger event ͓Figs. 2͑b͒ and 2͑c͔͒. They occur rapidly with a speed beyond the recording speed of the camera. With decreasing pillar diameters, the deformation behavior continues by showing shear banding. However, the amplitude of load drops ͑LDs͒, which represent a SB displacement, decreases significantly. In pillars with diameter of about 150 nm we observe no major or large shear displacements. It is considered that this diameter is the transition point between inhomogeneous and homogeneous behavior of pillar response to compression. Figure 3 shows the video frames recording the compressive deformation of a 140 nm pillar. Bulging was observed at about one third of its height close to the base and continued with increasing displacement. The deformation reached an engineering strain up to 70% without any visible shear banding or offset ͓Figs. 3͑c͒ and 3͑d͔͒, but rather homogeneous flow at this scale. This phenomenon is in contradiction to the deformation behavior of pillars with large sizes ͑Ͼ 300 nm͒, which showed an engineering strain not larger than 5% before a major shear displacement occurs.
It is assumed that with reducing pillar size the probability of interactions between the shear transformation zones ͑STZs͒ decreases and, therefore, the probability of major shear formation decreases as well. Accordingly there is a critical pillar size, which is the transition threshold between inhomogeneous and homogeneous behavior of amorphous pillars under compression. Figure 4͑a͒ displays the elastically strained volume before shear banding versus the diameter of pillars. Assuming the same yielding strength of STZs, the stored energy in the elastically strained volume needed to initiate the first major shear banding is the same. It indicates that as soon as STZs concentration per volume unit is enough, major shear displacement occurs. However, we do not observe homogeneous deformation at large samples. Large pillars from 600 nm down to around 300 nm in diameter show an elastic deformation followed by a jerky-type deformation with transient shear banding events registered with large LDs in the load-displacement curve ͓see Fig.  2͑e͔͒ , which are analogs to the intermittent bursts or slip avalanches observed in crystalline materials with a powerlaw size distribution. 19, 20 With decreasing pillar diameter the apparent deformation mode shows a gradual transition from highly inhomogeneous to homogeneous behavior, as indicated by the hatched zone in Fig. 4͑a͒ . The yield stress of all the pillars tested is size-independent, which is consistent with our previous work on tapered pillars. 17 For a review and details reference is made to. 21 The frequency of bursts increases rapidly with decreasing pillar diameter ͓power-law, Fig. 4͑b͔͒ . It indicates more frequently activated shear banding events, whereas the shear displacement carried by individual shear banding events decreases quickly, indicating suppression of SB propagation.
The observed LDs at constant displacement rate are triggered by the formation and propagation of multiple SBs. Amplitudes of LDs reveal that the shear displacement in thinner pillars proceeds more smoothly, while the stress decreases more steadily. At the smallest diameter of 110 nm, the amplitude of LDs is very small ͑ϳ2 N͒, whereas maximum load is still considerably high ͑ϳ10 N͒. The ratio between average LD and maximum load for ϳ100 nm pillars equals 8-10. This ratio decreases down to 1 for larger pillar diameters, which shows the propagation of a major SB to the edge of the pillar. This is caused by changes in the mechanism of plastic behavior with decreasing pillar diameter. During compression of micron pillars ductility appears due to distinctive structure of the BMGs. The shear transformation zones occur preferentially in soft regions in BMGs and evolve into SBs upon loading. Consequently, numerous SB nuclei are formed concurrently in the soft regions. Because the soft regions cannot carry much plastic strain due to SB multiplication processes, any further deformation has to proceed in hard regions so that higher plasticity is still attainable on a large scale. With pillar size on the scale of hundred of nanometers, this mechanism is no longer applicable, due to the decrease in the quantity and interaction of soft regions.
In summary, in situ compression tests of taper-free micro-/nanopillars of Zr 61.8 Cu 18 Ni 10.2 Al 10 MG with tip diameters ranging from 600 to 90 nm show predominant inhomogeneous and intermittent plastic flow characterized by shear banding events. The deformation is defect-nucleationcontrolled in larger pillars but becomes propagationcontrolled in smaller pillars. Pillars with a diameter smaller than 150 nm show a homogeneous flow behavior without shear banding during compression. It is concluded that larger overlap of stress fields of flow defects in smaller pillars ͑samples͒ plays a crucial role for the ductile behavior. Quantitative analysis of load-displacement curves have revealed a strong size effect of nanopillars under compression and confirmed the existing of transition threshold from inhomogeneous to homogeneous deformation behavior.
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